We report here mutations affecting various aspects of liver development and function identified by multiple assays in a systematic mutagenesis screen in Medaka. The 22 identified recessive mutations assigned to 19 complementation groups fell into five phenotypic groups. Group 1, showing defective liver morphogenesis, comprises mutations in four genes, which may be involved in the regulation of growth or patterning of the gut endoderm. Group 2 comprises mutations in three genes that affect the laterality of the liver; in kendama mutants of this group, the laterality of the heart and liver is uncoupled and randomized. Group 3 includes mutations in three genes altering bile color, indicative of defects in hemoglobin -bilirubin metabolism and globin synthesis. Group 4 consists of mutations in three genes, characterized by a decrease in the accumulation of fluorescent metabolite of a phospholipase A 2 substrate, PED6, in the gall bladder. Lipid metabolism or the transport of lipid metabolites may be affected by these mutations. Mutations in Groups 3 and 4 may provide animal models for relevant human diseases. Group 5 mutations in six genes affect the formation of endoderm, endodermal rods and hepatic bud from which the liver develops. These Medaka mutations, identified by morphological and metabolite marker screens, should provide clues to understanding molecular mechanisms underlying formation of a functional liver.
Mutations affecting liver development and function in Medaka,
Oryzias latipes, screened by multiple criteria 
Introduction
The liver is an organ with vital functions, including processing and storage of nutrients, maintenance of serum composition, detoxification and bile production. The major functional cells of a liver are the hepatocytes and cholangiocytes (bile duct cells). The common progenitors of hepatocytes and cholangiocytes are derived from hepatoblasts in the hepatic endoderm. The hepatic endoderm arises from the foregut endoderm that interacts with adjacent tissues, such as the cardiac mesoderm and septum transversum mesenchyme (Douarin, 1975; Grapin-Botton and Melton, 2000; Tam et al., 2003; Zaret, 2001 ). The vasculature is another important component of the liver. Angioblasts, which are endothelial cell precursors, accumulate around the liver bud and become interspersed with the hepatoblasts (Matsumoto et al., 2001) .
Regulatory genes that are crucial for liver formation have been isolated in mice and confirmed by reverse genetics (see Zaret, 2002 for a review). For instance, we have shown using SEK1 or MKK7-deficient mice that two stresssignaling kinases, SEK1 (also called MKK4) and MKK7, play crucial roles in hepatoblast proliferation and survival (Nishina et al., 1999; Wada et al., 2004; Watanabe et al., 2002) . Although a reverse genetic approach is powerful in characterizing functions of known genes, knowledge of genes, particularly in hepatic bud formation from endoderm, morphogenesis and laterality of the liver, and hemoglobinbilirubin or lipid metabolism, is still limited. Therefore, identifying mutations affecting these aspects of liver formation and function will uncover genes required for these processes.
Systematic forward genetic screens for mutations affecting embryogenesis have been carried out in zebrafish. Zebrafish embryos are transparent and sustain defects in circulation or hematopoiesis, because oxygen supplied by simple diffusion is sufficient for development and the liver is not the site of embryonic hematopoiesis (Alexander and Stainier, 1999) . These characteristics of zebrafish have enabled the study of genes involved in the development of endoderm, cardiovascular and hematopoietic systems. Zebrafish mutants with impaired endoderm formation, degenerative liver, impaired lipid metabolism in the intestine and hepatobiliary system, have been identified (Chen et al., 1996; Farber et al., 2001; Pack et al., 1996; Schier et al., 1996 Schier et al., , 1997 Zhang et al., 1998) . Furthermore, the availability of transgenic lines expressing GFP throughout the digestive system allows direct observation of the endoderm and digestive organ formation in living embryos Ober et al., 2003) . However, genes identifiable in a single model organism by the mutational approach are limited due to a functional overlap of genes in vertebrates.
Medaka is evolutionally distant from zebrafish and interspecies differences in the functional overlap of genes allow identification of mutations as yet unidentified in zebrafish. The liver and gall bladder are more conspicuous in living embryos in Medaka than in zebrafish. Medaka has a smaller genome size (half that of zebrafish, and only double that of Fugu), inbred strains are available, and a wide range of growth temperatures facilitates identification of temperature sensitive mutations.
Taking advantage of these attributes of Medaka, we have carried out a mutagenesis screen, using multiple assays to detect defects in various aspects of the development of a functional liver. These include not only morphological assays, but also those of the functions related to the liver, such as hemoglobin-bile and lipid metabolism. In this report, we present the initial characterization of mutations isolated in the screen, ranging from those affecting endoderm formation to those affecting liver physiology in Medaka.
Results

Designing of mutant screening based on multiple criteria
Morphological screening
We carried out the morphological screen of the liver by inspecting live embryos when the liver became discernible from 4 days post-fertilization (dpf, stage (st.) 32) at 28 8C and the gall bladder became prominent at approximately 120 h post-fertilization (hpf, st. 36). The lateral views of wild-type embryos and livers at st. 32 and 36 are shown in Fig. 1A -C. The liver, gall bladder, and blood vessel from the liver connected to the Cuvierian duct developing on the left side of the embryo were observed (Fig. 1B,C) .
To analyze the time course of liver development, we carried out in situ hybridization between st. 21 and 39 using endoderm-specific markers, foxA3 and gata6 ( Fig. 1D -P) . The hepatic bud formed from the endoderm rod in wild-type Medaka at st. 25 (Fig. 1H,I ). At st. 27 the liver began to enlarge and the swim bladder appeared from the gut tube and began to enlarge ( Fig. 1J -P, arrowheads and asterisks indicate the liver and swim bladder, respectively). foxA3 was also expressed in the pharynx, but unlike in zebrafish, foxA3 was not expressed in the pancreas in Medaka (data not shown). On the other hand, the expression of gata6 was restricted to the liver from st. 25 to 31 (Fig. 1I ,K,M). Soon after at st. 31, we screened live embryos. No expression of gata6 was detected in the liver at st. 34 (Fig. 1O) . In zebrafish, gata6 is expressed in the liver and gut. Thus, the expression pattern of gata6 in Medaka is different from that in zebrafish.
Considering the relatively late development of the liver in embryogenesis, care was taken to avoid isolating mutants showing a general retardation of development. Mutants with altered liver morphologies, such as the size, shape, and laterality of livers, were screened first at st. 32 and confirmed at st. 36 when the liver and gall bladder became larger in wild-type embryos.
Screening of gall bladder color
Based on the assumption that impaired bile metabolism in the liver results in an abnormal color of bile, we inspected color of bile in the gall bladder. Bile in the wild-type embryo at st. 35 was light green. Impaired erythropoiesis was reported to alter bile color in zebrafish (Shafizadeh et al., 2002) . To distinguish mutations affecting erythropoiesis from those affecting bile metabolism in the liver, we carried out hemoglobin staining with o-dianisidine and in situ hybridization analysis using embryonic globins such as a-0, a-1, and b-1 globins.
Screening using fluorescent phospholipid reporters
We used a fluorescent phospholipid reporter, PED6, to screen for mutations affecting lipid metabolism (Farber et al., 2001) .
PED6 is a synthetic substrate for PLA 2 that becomes fluorescent after cleavage in the intestine and its fluorescent PED6 metabolites undergo rapid hepatobiliary transport, labeling the liver before the gall bladder, as shown in Fig. 5C . Embryos administered with PED6 showed intense fluorescence in the gall bladder, liver and intestinal lumen. We screened for embryos showing an impaired accumulation of the fluorescent metabolites of PED6. To exclude mutations affecting the swallowing of PED6, the unquenched form of PED6, BODIPY-FL-C5, was used.
2.1.4. Rescreening for mutations affecting early embryogenesis using the foxA3 probe
In addition to directly screening for liver associated phenotypes, we also screened for mutations affecting endoderm and hepatic bud formations among mutants that were initially identified on the basis of morphological abnormalities (Furutani-Seiki et al., 2004) . To this end, we carried out in situ hybridization using foxA3 at st. 28 (Fig. 1J) . 
Mutations affecting formation and function of the liver isolated by the multi-assay screen
By screening 210 F2 families, we have isolated 19 mutations. Since all of the mutations were zygotic recessive mutations, mutants refer to homozygotes of these mutations in this report. These mutations were classified into the following five phenotypic groups and features of these mutations were summarized in Table 1 .
Mutations affecting liver morphogenesis
Mutations in four genes, kakurembo (kak), hiohgi (hio), origami (ora) and kamifusen (kam) affect liver morphology.
In live kak embryos at st. 34, the liver was not clearly discernible at the position where it should be formed and the gall bladder was dislocated anteriorly ( Fig. 2A,B) . In kak mutant embryos at st. 24, the expression level of gata6 in the liver markedly reduced, while that of cardiac myosin light chain (mlc) in the heart was unaltered (Fig. 2G,H) . In kak mutant embryos at st. 34, the expression level of foxA3 was also greatly reduced ( Fig. 2I ,J). Since liver budding appeared to occur in kak mutants, kak may be required for the growth or maintenance of the liver. The gut tube was undulated at st. 36 (data not shown) without affecting the epithelial structure of the gut tube (Fig. 2N ,O,Q,R).
In hio mutant embryos at st. 36 and at later stages, the liver was small and malformed ( Fig. 2C ,D, and data not shown). In situ hybridization using the gata6 probe clearly showed impaired liver formation in hio mutant embryos at st. 30 (Fig. 2K,L) . In addition to the liver defects, hio mutant embryos also lacked pectoral fins and died after hatching.
In kam mutant embryos, blood accumulated in the liver, and the liver was malformed (Fig. 2E ). The expression of gata6 appeared normal (Fig. 2M) .
In ora mutant embryos at st. 36, the liver shape was altered, the gall bladder was displaced and the gut undulated ( Fig. 2F ). ora mutant embryos at st. 40 have an enlarged swim bladder and undulated gut, whereas the heart and kidneys appeared unaltered (Fig. 2T ,U). Cross sections at the level of the liver, gut tube, and yolk showed that hepatocytes seemed normal, but the embryo itself lay apart from the yolk and the intestine was malformed (Fig. 2P,S) . In contrast to regularly aligned polarized epithelial cells in Both arrows indicate the space between the yolk and the embryo proper. White broken lines demarcate the liver. Black and white arrowheads and white asterisks indicate the hepatic bud, gall bladder, and heart, respectively. Black arrows indicate the affected epithelial structure of the gut in the ora mutant. Gu: gut, Li: liver, yo: yolk. Scale bars correspond to 50 mm.
wild-type embryos, epithelial cells were irregularly arranged in ora mutant embryos (arrows in Fig. 2S ).
Mutations affecting liver laterality
Mutations in three genes, kendama (ken), dendendaiko (den) and hanetsuki (hat), caused altered liver laterality (Fig. 3) . In addition to the liver, the gall bladder, hepatic vein and blood vessels from the liver to the Cuvierian duct were also inverted in these mutant embryos. All mutant embryos hatched and their larvae swam well, suggesting that the altered laterality of the liver and other organs do not affect embryonic viability.
In ken mutant embryos, the laterality of the liver and heart was found to be uncoupled, as shown in Table 2 . ken mutant embryos are classified into four groups according to the location of the liver and heart: (1) the liver shifts to the center and the heart is normally located, L(c)H(n); (2) the liver shifts to the center and the heart was inverted, L(c)H(i); (3) the liver shifts to the right with the heart normally positioned, L(r)H(n); (4) the liver shifts to the right and the heart was inverted, L(r)H(i). These phenotypes were observed in subsequent generations. A ken mutant embryo of L(c)H(n) at st. 36 is shown in Fig. 3B . In the embryo in which the liver and gall bladder were located at the center of the body, the liver was not visible from the left view but the heart was observed at the normal location (data not shown). Since, in Medaka the pancreas, detected by the expression of pdx1, lies at the center of embryos in the wild-type embryo at st. 26 (Assouline et al., 2001 ), we could not determine the laterality of the pancreas in ken mutant embryos (Fig. 3F,G) .
In den and hat mutant embryos, the liver, gall bladder, and the heart were all inverted in these mutants, as shown in Fig. 3C and Table 2 . These results suggest that while den and han are required for the general laterality of the body, ken is required for coupling the laterality of the liver and heart.
Mutations affecting color of bile in the gall bladder
Mutations in three genes, suou (suo), akane (aka) and ominaeshi (omi), affected the color of bile in the gall bladder (Fig. 4) . Bile in the wild-type embryo at st. 35 was light green, as shown in Fig. 4A . The bile colors in the three mutants, suo, aka and omi, were orange, deep red and white, respectively (Fig. 4B -D) . aka and omi mutant embryos were embryonic lethal, but suo mutant embryos hatched and suo homozygotes were fertile.
To determine whether these mutations affect either erythropoiesis or hemoglobin-bile metabolism, we first carried out hemoglobin staining with o-dianisidine. As shown in Fig. 4E -H, the blood vessels and heart, but not the gall bladder, were stained in suo mutant embryos, but were not stained in aka and omi mutant embryos. We next examined the expression of globin genes by in situ hybridization. Medaka embryos express three types of globin, a-0, a-1, and b-1 (Maruyama et al., 2002) . a-0, a-1, and b-1 globins were expressed in suo mutants at st. 33 (Fig. 4I,J ,M,N, and data not shown), whereas a-0, but not a-1 and b-1 globins were expressed in aka mutant embryos (Fig. 4K ,O, and data not shown). None of a-0, a-1, and b-1 globins were expressed in omi mutant embryos (Fig. 4L ,P, and data not shown). These results indicate that aka and omi mutations affect erythropoiesis. On the other hand, Table 2 Frequency of alteration of liver and heart laterality Laterality phenotype (%) erythropoiesis appears normal and orange bile in the gall bladder is not due to the accumulation of erythrocytes in suo mutant embryos, suggesting that suo mutation may affect hemoglobin -bilirubin metabolism.
Mutations affecting lipid metabolism
The fluorescence intensities of PED6 metabolites markedly decreased in three mutant embryos, ukon (uko), aonibi (aon) and uguisucha (ugu), at st. 35 (Fig. 5C -F) . To examine whether the decrease in fluorescence intensity is due to the inability of swallowing PED6, we loaded the three mutant embryos with BODIPY-FL-C5, an unquenched form of PED6. All the mutants swallowed the unquenched form of PED6, and the gut, liver and gall bladder showed fluorescence as wild-type embryos (Fig. 5G -J) .
uko and aon mutant embryos appeared normal in the morphologies of the liver, gall bladder and intestine at st. 35 as shown in Fig. 5B , and ugu mutant embryos started to show retardation in development from st. 35 (data not shown). uko mutant embryos could hatch but their larvae died a few days after hatching (data not shown). Both aon and ugu mutant embryos were embryonic lethal. The forebrain was reduced in size from st. 23 in aon mutant embryos (Kitagawa et al., 2004) . These results suggest that the uko, aon and ugu genes are required for the metabolism or transport of lipids in the hepatobiliary system.
Mutations affecting patterning of endoderm
Six mutations affecting formation of the endodermal rod and/or hepatic bud were identified. Mutations in the fukuwarai ( fku) genes affected endodermal rod morphogenesis (Fig. 6G) . Although in fku mutant embryos foxA3 was expressed in the pharynx, hepatic region and the gut (Fig. 6 , open circle, arrow head and asterisk, respectively), parts of the endodermal rod were randomly dislocated (Fig. 6G arrow) as other epithelial structures, such as the head structures originated from neuroepithelium ( Fig. 6B closed arrow, Kitagawa et al., 2004) .
In sakura (sak) mutant embryos, foxA3 was expressed in the gut and hepatic region, but not in the pharynx (Fig. 6H) . Growth of the hepatic region appeared to be affected and anterior part of the endodermal rod may be missing or misspecified. In sak mutant embryos, the heart was not formed and the eyes became degenerated at st. 28 (Fig. 6C,  closed arrow) .
In embryos with mutations in three genes, akatsuki (aku), akebono (ake) and mochizuki (moc), the endodermal rod was missing (Fig. 6I, data not shown) . These mutants exhibited a body patterning phenotypes similar to those of one-eyed-pinhead (oep) zebrafish mutants (Fig.  6D , data not shown, Kitagawa et al., 2004) . While embryos with mutations in only one gene exhibit the oep mutant phenotypes, those in three genes display similar phenotypes in both body patterning and endoderm formation.
In hirame (hir) mutant embryos, foxA3 expressing endodermal cells did not converge properly, affecting the endermal rod formation (Fig. 6J open arrow) . hir mutant embryos were flat and tissues such as the lens and heart were mislocated (Fig. 6E , the closed arrow indicates mislocated lens, Kitagawa et al., 2004) . 
Discussion
Screening for mutations affecting liver development in Medaka
Partly due to the functional overlap of genes, particularly in vertebrates, mutagenesis screens in a single species are unlikely to be sufficient for identifying all essential genes involved in a particular biological process Therefore, mutagenesis screens and analyses of Medaka mutants complement those in zebrafish, in identifying a wider repertoire of genes by a forward genetic approach in vertebrates.
Our mutagenesis screen in Medaka identified mutations in 19 genes affecting various aspects of the development of the liver and associated tissues. These mutations are classified into five groups: (1) mutations affecting liver morphogenesis; (2) mutations affecting liver laterality; (3) mutations affecting of bile color; (4) mutations affecting lipid metabolism; and (5) mutations affecting endoderm and hepatic bud formation. In zebrafish, a mutagenesis screen using GFP-transgenic fish, whose developing endoderm or organs arising from endoderm are more conspicuous, is underway (D. Y. R. Stainier, personal communication). Thus, mutagenesis screens in both Medaka and zebrafish should be complementary in identifying conserved and divergent mechanisms of liver development.
In our screen, we initially aimed to identify mutations affecting formation and function of the liver specifically. To this end we carried out a screen by multiple criteria to reveal the specificity of the defect. Majority of mutations that we identified were those affecting tissues in addition to the liver during development. From these results, we deduced that mutations affecting the liver specifically may be very limited and that even if defects are not confined to the liver, mutated genes are important for the formation of the liver or physiological functions in which the liver is involved. Thus expression of these genes identified in our screen may not be restricted to the liver but to the tissues, from which the liver originates or those working with the liver to exert its physiological functions.
Mutations affecting liver morphogenesis
Several explanations may account for the phenotypes of Group 1 mutants with defects in the liver, and gall bladder and gut. First, cell-autonomous defects may affect the regional morphogenesis of the endodermal rod, resulting in altered morphologies of the liver, gall bladder and gut. Second, non-cell-autonomous defects such as the interaction between the surrounding lateral mesoderm and endodermal rod may cause the phenotype. Third, there may be regulatory interactions among the hepatic bud, primordium of the gall bladder and the intestinal bulb. Transplantation experiments to determine the cell autonomy of these mutations would be useful to clarify these possibilities. Finally, since nutrients absorbed from the intestine are metabolized in the liver (Wallace and Pack, 2003; Warga and Stainier, 2002) , a defect in the intestine may affect liver growth. The idea that the timing of liver growth is dependent on nourishment from the intestine needs to be further investigated.
In kak mutants, although the hepatic bud is formed, the liver is very small at st. 34 and the gall bladder may have shifted its position due to the small liver. This suggests that kak is required for the formation of the liver from the hepatic bud.
In hio mutants, the liver is small and malformed and the pectoral fin is missing. In zebrafish, some mutations affect the pectoral fin, but no mutations have been reported to affect both the liver and pectoral fin yet (Grandel and Schulte-Merker, 1998; Neumann et al., 1999; van Eeden et al., 1996) . It has been suggested that, however, mesodermal components or FGF signaling is required for the formation of the pectoral fin and liver (Fischer et al., 2003; Jung et al., 1998; Martin, 1998) . It would be interesting to examine mesoderm development and FGF expression in hio mutant embryos to further characterize this mutation.
In kam mutant embryos, in addition to a malformed liver and gall bladder, the heart is small and blood accumulates near the liver and gut. Such blood accumulation may reflect a defect either in vasculature formation in the liver or in endothelial cell development. In vegfr2/flk-1 mutant mice with endothelial cell defects, liver budding does not occur. However, in zebrafish, although cloche zebrafish mutants lacking all endothelial cells, normal liver budding and development occurs Stainier et al., 1995) . However, severe cardiac edema did not allow analysis of the requirement of endothelial cells during the growth of the liver in those studies. In kam mutants, liver budding seems to occur normally, but the growth of the liver may be affected. Detailed analysis of kam mutants at the budding and growth periods using endothelial markers would be useful for the further characterization of this mutation.
Laterality of the liver and other organs
The laterality of all the organs is inverted in most of mutants of zebrafish and mice Faucourt et al., 2001; Mochizuki et al., 2002; Schilling et al., 1999) , but there are a few reports on uncoupled laterality of the organs (Bisgrove et al., 2000; Field et al., 2003) . In zebrafish flh and boz mutants, the laterality of the liver and heart is randomized and uncoupled (Chin et al., 2000) . flh is required for specification of the chordamesoderm and boz is required for dorsal axis formation. Both flh and boz are required for early specification of the notochord. Collectively, ken mutants show a defect in the laterality of the viscera as observed in flh and boz mutants but do not show other morphological deficits. An interesting possibility is that ken might be a component of the signaling downstream of boz and flh.
Mutations affecting bile color
Since a compromised function of the liver readily results in jaundice in human, hemoglobin metabolism producing bilirubin is one of the most important functions of the liver Fig. 6 . fku, sak, aku, and hir mutations affect patterning of endoderm. Dorsal views of (A -E) live embryos and (F-J) embryos stained by in situ hybridization using the foxA3 probe at st. 28. (A and F) Wild-type embryos, (B and G) fku; (C and H) sak, (D and I) aku and (E and J) hir mutant embryos. Open circle, arrowhead, and asterisk indicate the sites where pharynx, hepatic bud, and the gut are normally formed, respectively. Closed arrows show dislocated head structure in B, degenerating eye in C, dislocated lens in E. Open arrows indicate mislocated part of the endodermal rod in G and foxA3 positive cells inappropriately converged in J. The margin of the embryo was demarcated by the broken line in I. Scale bars correspond to 250 mm.
Hereditary diseases affecting bilirubin metabolism are known in human (Nowicki and Poley, 1998) .
Mutations affecting the color of bile in the gall bladder and red blood cells were identified in zebrafish (Ransom et al., 1996; Shafizadeh et al., 2002; Thisse and Zon, 2002; Weistein et al., 1996) . aka and omi mutations also affect erythropoiesis in Medaka. In contrast, suo mutation seems to be the first mutation affecting hemoglobin -bilirubin metabolism in zebrafish and Medaka. It would be of interest if suo mutation models a human disease.
Lipid metabolism
PED6 is a substrate for PLA 2 cleavage and a sensitive reporter of its enzymatic activity in vivo (Farber et al., 2001) . PLA 2 is important in the generation of lipid signaling molecules, host defenses, lipid absorption and cancer. It is thus a good chemical reagent for screening mutations affecting lipid metabolism. Using PED6, four mutations affecting digestive organ morphology and one mutation affecting bile synthesis or secretion were identified in zebrafish (Farber et al., 2001) .
The uko, aon, and ugu mutations may affect steps in the lipid metabolism pathway, such as ingestion and cleavage of the lipid within the intestine, and subsequent hepatobiliary transport to the gall bladder (Faber et al., 2001) . Further biochemical characterization is necessary to determine which component of lipid metabolism is affected in Group 4 mutants.
Mutations affecting endoderm formation and patterning
The phenotypes of aku, ake and moc mutants in patterning of the body, endoderm and mesoderm, are similar to those of zebrafish oep mutants with defects in the Nodal signaling pathway (Schier et al., , 1997 Zhang et al., 1998) . Zebrafish mutations in other components of the Nodal signaling pathway, such as cyclops, squint and smalspur, exhibit phenotypes substantially different from that of oep mutation . Cloning of three genes, aku, ake and moc genes will clarify the conserved or divergent functions of these genes in endoderm specification.
The fku and hir mutants show unique phenotypes in the patterning of the body, not recorded yet in the collection of zebrafish mutants. In fku mutants, parts of the head, such as the eyes and nose, are mislocated. In hir mutants, the body becomes thinner and several tissues, such as the lens and heart, are mislocated. Although the endodermal cells expressing foxA3 are present, morphogenesis of the hepatic bud and convergence of the endodermal cells did not occur properly in fku and hir mutants, respectively. Interestingly, the common feature between fku and hir mutants is the marked defect of cell alignment in the epithelium (FurutaniSeiki et al., unpublished results) . Further analysis of fku and hir mutants using early hepatocyte markers may help clarify the relationship between endodermal epithelialization and morphogenesis or specification of the endodermal rod.
In sak mutants, the heart primordium and the anterior part of the endodermal rod are not formed. It has been reported that the cardiac mesoderm is necessary for the induction of hepatic bud in mice (Duncan, 2003; Jung et al., 1999; Rossi et al., 2001) . Further investigation of the requirement of sak in the heart or liver by transplantation experiments may provide insights into tissue interactions in heart and liver development.
Experimental procedures
Maintenance of fish stocks
Fish maintenance and mating were carried out as described elsewhere (Furutani-Seiki et al., 2004) . Briefly, the Kyoto-Cab sub-strain and Kaga strain were used to induce mutations in the male germline by treatment with ENU (Ethyl-Nitroso-Urea). F3 progenies homozygous for induced mutations were generated by a three generation incrossing scheme.
Screening procedures
Live F3 progenies were screened for developmental defects at st. 32 and 36 using a Leica MZ12.5 dissecting microscope. For functional screening, we used PED6, a fluorescent PLA 2 -substrate dye. PLA 2 cleavage liberates the BODIPYacyl chain of PED6, resulting in unquenching and green fluorescent emission as described previously (Farber et al., 2001) . As the control, BODIPY FL-C5, an unquenched form of PED6 was used. Embryos at st. 35 were placed in 0.5 ml of 1 £ Balanced Salt Solution (BSS; 110 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , and 2.2 mM MgSO 4 , pH 7.2), containing 0.3 mg/ml PED6 or 0.2 mg/ml BODIPY-FL-C5, and incubated in the dark for 4 h at 28 8C. The embryos were then rinsed with 1 £ BSS and placed in a glass depression slide. Using a Zeiss Axioplan 2 microscope, samples were examined for fluorescence from PED6 or BODIPY-FL-C5.
Histological sections
Embryos were dechorionated and fixed in 4% paraformaldehyde in PBS(2 ) overnight at 4 8C. The embryos were dehydrated with ethanol and stored at 2 20 8C. For sectioning, they were incubated in xylene and embedded in paraffin at 67 8C. Paraffin embedded embryos were sectioned (4 mm thickness) and stained with hematoxylin and eosin.
In situ hybridization
Whole mount in situ hybridization was performed as described elsewhere , using an anti-sense DIG-labeled riboprobe generated from Medaka foxA3, gata6, mlc, pdx1, a-0, a-1, and b-1 globin cDNA. Dechorionated embryos were fixed with 4% paraformaldehyde and 0.1% Tween 20 in PBS(2 ). Embryos later than st. 30 were treated with proteinase K and to remove pigmentation, with H 2 O 2 . Embryos were photographed using a Leica dissecting microscope.
Whole embryo staining for hemoglobin expression
Hemoglobin staining was done as described previously (Cocca et al., 1995) . Dechorionated embryos were stained for 15 min in the dark in o-dianisidine (0.6 mg/ml), 0.01 M sodium acetate (pH 4.5), 0.65% H 2 O 2 and 40% (vol/vol) ethanol. Stained embryos were cleared with benzyl benzoate/benzyl alcohol (2:1, vol/vol) and examined with a dissecting microscope.
